We theoretically study the problem of detecting dipole radiation in a fiber-based confocal microscope of high numerical aperture. By using a single-mode fiber, in contrast to a hard-stop pinhole aperture, the detector becomes sensitive to the phase of the field amplitude. We find that the maximum in collection efficiency of the dipole radiation does not coincide with the optimum resolution for the light-gathering instrument. The derived expressions are important for analyzing fiber-based confocal microscope performance in fluorescence and spectroscopic studies of single molecules and/or quantum dots.
The confocal microscope is a ubiquitous tool for the optical study and characterization of single nanoscale objects. The rejection of stray light from the optical detector afforded by the confocal microscope, combined with its three-dimensional resolution, makes it an ideal instrument for studying physical systems with weak light emission properties. 1, 2 The electromagnetic dipole is the canonical choice for modeling the radiative properties of most physical systems. And, although the vector-field image of an electromagnetic dipole in a high numerical aperture confocal microscope has been known for some time, 3 only recently have the light-gathering properties of the instrument been studied. Specifically, the collectionefficiency function for a confocal microscope based on a hard-stop aperture was defined and studied by Enderlein 4 and was found to be sensitive to field intensity.
Confocal microscopes based instead on optical fiber apertures have also been investigated. The imageforming properties of both coherent 5 and incoherent 6 fiber-based confocal microscopes, as well as the lightgathering properties 7 of the microscope with a reflecting object, have all been examined assuming the paraxial approximation to scalar diffraction theory. Since high numerical aperture fiber-based confocal microscopes are routinely employed in the study of silicon integrated circuits, 8 single semiconductor quantum dots, 9 and other nanoscale light emitters, 10 it is of great practical interest to understand the light collection properties of the fiber-based instrument.
Here, we extend the previous studies by using the angular spectrum representation 1, 11, 12 (ASR) to study the coupling of dipole radiation into a single-mode optical fiber where we find, in contrast to the hard-stop aperture, efficient detection of dipole radiation requires mode matching the dipole image field to the fiber spatial mode profile.
For the calculation below, we assume the optical system illustrated in Fig. 1 is aplanatic . In what follows, we refer to reference sphere 1 as the collection objective and reference sphere 2 as the focusing objective. Initially, we assume the dipole d ᠬ is placed at the Gaussian focus of the collection objective. The cylindrical optical fiber facet is coaxial with the optical system axis (in Fig. 1 ), and its flat face is parallel to the focal plane of the focusing objective. We define the relevant angles, unit vectors, and wave vectors in Fig. 1 . The sine condition relates the polar angles in the object and image space as f 1 sin 1 = f 3 sin 3 , where we have introduced the focal length f 1 ͑f 3 ͒ for the collection (focusing) objective. To calculate the vectorwave-optics image of the dipole, we employ the ASR and express the image dipole field as
͑1͒
where the focal length ratio
⑀ o ͒, and we integrate over the polar angle 3 and the azimuthal angle 3 in the image space. To arrive at Eq. (1), we map the vector electric far field of the dipole, E ᠬ d , across the collection objective and then across the focusing objective according to the unit vector mappings defined in Fig. 1 . We find it convenient to integrate over the object space polar angle. Introducing the identity d 3 sin 3 = ͑sin 1 cos 1 / M 2 cos 3 ͒d 1 into Eq. (1) and using Bessel function identities 1 to integrate over the azimuthal angle 3 we find
where we use the notation E ᠬ 3 j ͑r ᠬ 3 ͒ for the image field of a j-oriented dipole in the object space expressed in terms of Cartesian unit vectors. The integrals Ĩ dn are defined as
and
where (2) and (3), where M is the optical system magnification.
We model the case when the phase-sensitive detector of the dipole field is a single-mode cylindrical optical fiber situated in the image space of the optical system. We define the collection efficiency ͑r ᠬ o ; M ͒ of the optical fiber as
͑4͒
where we make explicit the dependence of ͑r ᠬ o ; M ͒ on the dipole location r ᠬ o in the object space, and on the objective focal length ratio M of the optical system illustrated in Fig. 1 . We point out that the collection efficiency, as defined in Eq. (4), depends on the overlap of the dipole image field amplitude with the fiber mode profile and not on the intensity of the dipole image field. For the single-mode optical fiber, with core radius a, we make the weakly guiding approximation, 13 which results in the following normalized electric-field solutions 14 :
where N is a normalization constant, u = a ͱ n co We now apply the previous formalism, defining all relevant system parameters in the last line of the caption to Fig. 2 , to study the collection efficiency of a fiber-based confocal microscope. First, we position the dipole in the focus (at the coordinate origin) of the collection objective and calculate the collection effi- Fig. 1 . (Color online) Optical system geometry used to image an arbitrarily oriented dipole d ᠬ . The phase-sensitive detector, an optical fiber, is situated in the image space of the microscope. In each section of the optical system the magnitude of the wavevector relates to ͉k ᠬ 0 ͉ = / c as ͉k ciency ͑r ᠬ o =0;M ͒, averaged over a uniform distribution of dipole orientations in the object space, as a function of M . For the case of two orthogonal fiber modes linearly polarized along the x and y directions, the collection efficiency is expressible as an incoherent sum of the contribution from each fiber polarization mode = x + y . The result is plotted in Fig. 2(a) , showing that the maximum collection efficiency is obtained when M = f 3 / f 1 = 6.75 (corresponding to a magnification of M = 8.97). At this focal length ratio, we calculate a coupling efficiency of approximately 51%. Finally, for comparison, we assume NA 3 = 0.13 for the single-mode fiber and use the relationship NA 1 / ͑n 1 NA 3 ͒ = M to find M = 6.95. Comparing the value M = 6.95 with Fig. 2(a) reveals the refractive index-scaled numerical aperture ratio results in a focal length ratio that nearly maximizes the collection efficiency as determined by evaluating Eq. (4). We find this simple rule to be generally valid by comparing the evaluation of Eq. 
M ͔͒ when the dipole is displaced along the x ͑z͒ direction in the object space. With M = 6.75 (the focal length ratio of maximum light collection), we calculate a transverse resolution of 0.525 and an axial resolution of 1.65. We find that the maximum of collection efficiency does not coincide with the microscope's diffraction-limited resolution.
In summary, we find for fixed collection objective numerical aperture and single-mode fiber characteristics, there is a particular value of the objective focal length ratio M that maximizes the collection efficiency . However, Fig. 2 makes clear that in constructing a fiber-based confocal microscope there is a compromise between instrument collection efficiency and optical resolution. It is important in system design to determine which figure of merit, collection efficiency or resolution, is most important.
